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ABSTRACT 
 

The effect of solution annealing temperature on the observed corrosion attack mode in Alloy 22 
welds was assessed. Three types of specimens were examined, including the as-welded state, solution 
annealed for 20 minutes at 1121oC, and solution annealed for 20 minutes at 1200oC. The microstructures 
of the specimens were first mapped using electron backscatter diffraction to determine the grain 
structure evolution due to solution annealing. The specimens were then subjected to electrochemical 
testing in a 6 molal NaCl + 0.9 molal KNO3 environment to initiate crevice corrosion. Examination of 
the specimen surfaces after corrosion testing showed that in the as-welded specimen, corrosion was 
present in both the weld dendrites as well as around the secondary phases. However, the specimen 
solution annealed at 1121oC showed corrosion only at secondary phases and the specimen annealed at 
1200oC showed pitting corrosion only in a handful of grains. 
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INTRODUCTION 
 

Alloy 22 (UNS N06022) is a nickel-based alloy containing approximately 22% chromium, 13% 
molybdenum, 3% iron, and 3% tungsten. It has been selected as the candidate material for the outer 
barrier of the nuclear waste containers for the potential repository site at Yucca Mountain, Nevada [1,2] 
primarily due to its excellent resistance to pitting and crevice corrosion, as well as stress corrosion 
cracking [3-8].  However, Alloy 22 welds are known to form potentially detrimental tetrahedrally close 
packed (TCP) phases upon solidification [9]. Previous experiments on Alloy 22 specimens artificially 
aged at high temperatures have shown a decrease in corrosion performance in hot acidic solutions anda 
reduction in mechanical properties [10], apparently due to TCP phase formation.  

 
Solution annealing has been traditionally employed to homogenize Alloy 22 and eliminate the TCP 

phases from solidified microstructures. This is performed at the manufacturer recommended temperature 
of 1121oC (2050oF) [11].  Studies conducted to determine the effect of solution annealing on the TCP 
phase stability [12,13] of Alloy 22 welds presented conflicting results for short-term solution annealing 
durations. However it was evident that longer-term solution anneals [14] do indeed dissolve the TCP 
phases in the weld, indicating that the solute distribution is becoming more and more homogeneous. 
Considering that multiple welds are required for the construction of the waste package outer barrier, an 
understanding of the effect solution annealing on the corrosion behavior of these welds is important. 
 

In this work we present a study in which crevice corrosion tests were performed on Alloy 22 weld 
specimens at three solution anneal conditions. The first set of specimens studied was in an as-welded 
(as-received) condition, the second set was solution annealed for 20 minutes at 1121oC, and the third set 
was solution annealed for 20 minutes at 1200oC. The microstructures of three specimens (one from each 
set) were examined before and after the crevice corrosion tests in order to correlate the corrosion mode 
to the grain structure. 

 
 

EXPERIMENTAL 
 

Specimens used in this study were cut from a 30” (762mm) long, 1.5” (38.1mm) thick welded plates. 
The plates were produced by double-U multi-pass gas-tungsten-arc welds fabricated using 1.5” mill 
annealed Alloy 22 plates and matching Alloy 22 filler wire (ERNiCrMo-10) [15]. All specimens were 
cut from the same plate to minimize compositional variability between the specimens. Cutting was 
performed using an abrasive water jet to minimize heat input during the cutting process thereby 
minimizing any unwanted side effects on the microstructure. The specimens were cut such that they 
could be setup for corrosion testing as a prism crevice assembly (PCA). The set-up is based on crevice 
formers described by the American Society for Testing and Materials (ASTM) in ASTM G 48 and G61. 
Figure 1 shows a typical PCA setup, with the specimen sandwiched between two crevice formers. 

 
Twelve total specimens were produced, with four specimens for each condition (as-welded, annealed 

at 1121oC, and annealed at 1200oC). Solution annealing was carried out in air-furnaces for 20 minutes at 
the appropriate temperature, followed by a water quench. Three specimens from each condition were 
then prepared for electrochemical testing by grinding all sides to 600 grit to ensure comparable 
electrochemical testing condition. The fourth specimen from each set was polished and set aside for 
microstructural characterization before and after the testing. For the specimens intended for 
characterization, three tasks were involved: 

1. Determination of microstructure prior to crevice corrosion, 
2. Electrochemical testing to initiate crevice corrosion of the specimens, and 
3. Characterization of the microstructure after crevice corrosion to compare the corrosion 

modes of the three specimens. 
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It was decided to limit the characterization prior to corrosion to half of one side of each prism as this 

allowed for a representative coverage of all types of areas. However this was still an appreciably large 
area, and an appropriate technique to map this area was needed. Automated electron backscatter 
diffraction (EBSD) [16,17] was determined to be the ideal tool for this task, although this required 
metallographic preparation of the working surfaces of the specimens. This was accomplished by 
grinding using progressively finer grit down to 1200 grit, and subsequent polishing to 0.02µm colloidal 
silica. After polishing, the specimens were sequentially degreased using hexane, acetone and methanol. 

 
The EBSD system employed consisted of a Peltier cooled CCD camera in a scanning electron 

microscope (SEM).  The specimens were tilted to 70o in the SEM chamber, and the electron beam was 
collimated into a spot (an accelerating voltage of 30kV and a beam current of 98µA were used for this 
study). This spot was scanned across each specimen surface in regular steps to form a square grid. At 
each step, a diffraction pattern was collected and solved to identify the local crystal orientation. The 
orientation is then saved in the form of three Eulerian angles. At the conclusion of the scan, the resultant 
data was compiled into a spatial map that is used to display the locations of grains and grain boundaries. 
Due to the size of the area of interest, a combination of beam and stage translations were used during the 
scans. Data were collected on a square grid step sizes of 10µm, and covering an area of approximately 
9mm by 20mm. 

 
Electrochemical tests were conducted on the PCA’s in an environment of 6 molal NaCl + 0.9 molal 

KNO3 at a temperature of 90oC. These consisted of cyclic potentiodynamic polarization (CP) tests 
starting at approximately 100 mV below the corrosion potential (determined from previous open circuit 
potential tests). For the nine specimens intended solely for electrochemical testing, this continued until a 
current density of 5 mAcm-2 before the scan was reversed, while for the specimens characterized prior to 
electrochemical testing, this only continued until a current density of 1 mAcm-2. This lower maximum 
current density was used to yield a smaller amount of corrosion, as this allowed us to capture the initial 
corrosion behavior under the crevice formers.  

 
After the electrochemical tests were completed, the specimens were rinsed and dried. The weld 

microstructures under the crevice former were then imaged for the three specimens characterized prior 
to corrosion testing in order to determine their corrosion behavior. 

 
 

RESULTS AND DISCUSSION 
 

Typical cyclic polarization curves for the three types of PCA specimens are shown in Figure 2. It can 
be seen that the general behavior for the three specimens is in general similar, with very similar 
breakdown and repassivation potentials (all within 100mV of each other). 

 
In Figure 3, the EBSD maps obtained prior to the electrochemical tests are shown as inverse pole 

figure maps. The colors represent the crystallographic plane normals parallel to the specimen surface 
normal, and blocks of a single color indicate one grain. It can be clearly seen in Figure 3(a) and (b) that 
the weld fusion zone runs through the center of the specimens, where the fusion zone dendrites are 
significantly coarser than those of the base metal on either side. It can also be seen that partial 
recrystallization of the fusion zone dendrites is taking place in the specimen solution annealed at 1121oC 
(Figure 3(b), since multiple small grains appear. By contrast however, the specimen solution annealed at 
1200oC (Figure 3(c)) shows that full recrystallization of the fusion zone has taken place, with the grain 
size distribution more homogeneous. 
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Although the cyclic polarization curves for the three types of microstructures (Figure2) are similar, 
the effect of the microstructural changes on the corrosion behavior is markedly different. In Figure 4, the 
corrosion effects on all three specimens are shown. For the as-welded specimen, the majority of the 
corrosion is seen in the weld dendrites (Figure 4(a)). The interdendritic regions appear resistant to 
attack, with the exception of regions directly next to TCP phases in the interdendritic regions. This 
behavior is expected, as solute segregation during solidification has been known to cause increased 
amount of Cr and Mo in the interdendritic region. Also, since TCP phases are rich in Cr and Mo, their 
presence in turn requires the regions around them to be depleted from these elements. Hence the 
observations in Figure 4(a) and (b) indicate that the heterogeneous Cr and Mo distribution are 
responsible for the corrosion mode observed. 

 
After annealing at 1121oC for 20 minutes, it is expected that along with recrystallization, the Cr and 

Mo distribution becomes more homogeneous. It is also anticipated that some of the TCP phases begin 
dissolving, further increasing the chemical homogeneity of the weld. In Figure 4(c) and (d), it can be 
seen that material dissolution occurs in the interdendritic regions, specifically at the areas corresponding 
to TCP phase locations. In the higher magnification image (Figure 4(d)), the microstructure shows TCP 
phase shaped pits. Due to their high Cr and Mo content however, it is unlikely that the TCP phases 
themselves were attacked. Rather, it appears that since virtually all the corrosion occurred at the TCP 
phase/matrix interfaces, the TCP phases fell out of the specimen during the corrosion test. This then 
indicates that solution annealing at 1121oC for 20 minutes minimizes the likelihood of dendritic 
corrosion, at the expense of focusing corrosion around the TCP phases which apparently do not have an 
adequate amount of time to dissolve into the solid solution during the annealing process. 

 
Post-corrosion characterization of the specimen annealed at 1200oC for 20 minutes was somewhat 

difficult, as only one small area under the crevice showed signs of corrosion. Micrographs for this area 
are presented in Figures 4(e) and (f), and it can be seen that the corrosion mode is typical of crevice 
corrosion in wrought materials, with many fine pits seen in multiple grains. Overall, it is apparent from 
Figure 4 that the specimen annealed at 1200oC had less localized corrosion at the micro-level than the 
other specimens.  

 
This study then shows that although the overall corrosion behavior as measured using CPP  

(Figure 2) did not reflect significant changes between the three specimens, the corrosion behaviors at the 
micro-level were indeed quite different. However to fully ascertain the correspondence between the 
macro-level observations and micro-level events, further studies are needed.  

 
 

SUMMARY 
 

Alloy 22 prototypical thick weld specimens were studied for the effect of solution annealing on the 
corrosion behavior. Specimens were examined in the as-welded, solution annealed at 1121oC for 20 
minutes, and solution at 1200oC for 20 minutes states. Although cyclic polarization tests showed no 
discernible difference between the corrosion behavior of the three types of specimens, the mode of 
corrosive attack at the micro-level was vastly different. The as-welded specimens were primarily 
attacked in the secondary dendrites, and around the secondary phases in the interdendritic region, 
whereas the specimen annealed at 1121oC showed attack solely around the TCP phases in the 
interdendritic regions. The specimen annealed at 1200oC was fully recrystallized, and showed pitting in 
only a few grains, with no apparent pattern or preference (similar to wrought material). 
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FIGURE 1- Prism Crevice Assembly (PCA) specimen set up consisting of Alloy 22 specimen, titanium nut, 
ceramic crevice formers, titanium washers and a titanium bolt.  The specimens have a weld 
seam across the center of the front and back working surfaces. 
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FIGURE 2- Cyclic Polarization curves for the as-welded and solution annealed specimens in  
6m NaCl + 0.9m KNO3 at 90oC. 
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FIGURE 3- Inverse Pole Figure maps showing the microstructure of half of one side of the prisms, 

obtained prior to corrosion testing for the (a) As-Welded specimen, (b) specimen solution 
annealed at 1121oC for 20 minutes and (c) specimen solution annealed at 1200oC for 20 
minutes. Grain colors indicate the crystallographic plane normal parallel to the surface normal. 
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FIGURE 4- SEM Micrographs showing the areas of observed corrosion for: (a) and (b) the as-welded 

specimen, (c) and (d) the specimen solution annealed for 20 minutes at 1121oC, and (e) and (f) 
the specimen solution annealed for 20 minutes at 1200oC.  
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